Introduction
[2] Shallow landslides triggered by heavy rainfall cause substantial damage to exposed infrastructure every year in mountain regions around the world, e.g., in Switzerland [Schmid et al., 2004] . The slip surface of such failures typically develops at less than two meter depth along the soilbedrock interface [Springman et al., 2012] . Prolonged and high-intensity precipitation is known as one of the most important triggers of shallow landslides [Van Asch et al., 1999] . The dominant runoff generation process in steep terrain with conductive soils is usually subsurface stormflow [Weiler et al., 2006] . Increased positive pore water pressure in steep terrain due to infiltration and subsurface stormflow may lead to reduced shear strength of the soil and subsequently may induce slope failure [Lambe and Whitman, 1979; Iverson, 2000] . Many slope stability studies concentrate on hydrological processes occurring in the soil layer and assume the bedrock interface to be a nearly impermeable boundary below the soil layer [Beven and Germann, 1982; Brammer and McDonnell, 1996; Wang and Sassa, 2003] . Permeable bedrock, including deep percolation or exfiltration processes, has rarely been taken into account in regional slope stability models. However, these bedrock processes can control the hydrological response of catchments to a large extent [Onda et al., 2001] and may be useful indicators of landslide susceptibility [Wilson & Dietrich, 1987; Kosugi et al., 2006; Onda et al., 2004] . Thus, the assumption of a nearly impermeable soil-bedrock interface as a model boundary may lead to large errors in simulating pore water pressure development in slopes [Ebel et al., 2007; Tromp-van Meerveld and Weiler, 2008] . It is most likely the rule rather than the exception that bedrock is not fully impermeable [McDonnell, 2003] and that groundwater flow through fractured bedrock is an important process [Haught and Tromp-van Meerveld, 2011] . The bedrock may act as a sink or as a source for groundwater dynamics in the soil layer, depending on the hydraulic conductivity of the lithology, the degree of fracturing and weathering, the presence of macropores, the hydraulic head and degree of saturation. Weathered bedrock layers and bedrock fractures can provide avenues for rapid saturated flow and bedrock infiltration-exfiltration processes Onda et al., 2004; Anderson et al., 1997] . Bedrock exfiltration is strongly controlled by shortterm and long-term precipitation duration and intensities [Uchida et al., 2003] . Consequently, large storms in combination with wet antecedent conditions are highly critical in forcing water to emerge from bedrock [Uchida et al., 2002] .
[3] Shallow groundwater flow in fractured bedrock can lead to upward seepage and increased pore water pressure in the soil layer around the bedrock springs, while shallow confined aquifers in permeable bedrock can induce excess pore pressures. Both processes may result in localized slope failure [Everett, 1979; Mathewson et al., 1990; Montgomery et al., 2002] . Thus, bedrock infiltration and exfiltration processes influence the triggering of landslides and determine landslide intensity, volume, and runout distance [Onda et al., 2004; Matsushi and Matsukura, 2007; Katsura et al., 2008] .
[4] Bedrock outbursts at several locations in Switzerland during the heavy storm events of August 2000 and August 2005 [Rickli et al., 2008] are good examples of this process. Extreme pore water pressures in the soil and bedrock during these precipitation events caused temporary artesian groundwater that gushed out as fountains along the slopes. Subsequently, landslides were triggered by groundwater flowing out of the bedrock [Berwert-Lopes and Spichtig, 2006; Liniger, 2006] .
[5] These examples, as well as other landslide studies [Bonzanigo et al., 2001] , show that knowledge about groundwater flow paths in the bedrock and bedrock exfiltration processes is essential to predict the likelihood of landslides occurring.
[6] Temporary springs issuing from bedrock in fresh landslide scarps are major indicators of flow through bedrock fractures [Johnson and Sitar, 1990; Calcaterra and Santo, 2004] . However, heterogeneities in the landslide hydraulic conductivity and architecture cause difficulties in tracing the origin and flow paths of groundwater in landslides. Preferential flow paths and local formation of confined and perched aquifers complicate the hydrogeology of a landslide [Debieche et al., 2011] . As a consequence, the hydrological processes triggering landslides are often not well understood.
[7] This research intends to provide a better insight into the above mechanisms. A field study was set up in central Switzerland to investigate the processes associated with the emergence of excess pore water pressure in bedrock fractures and through upward-directed groundwater flow at a location where shallow landslides occur.
Site Description
[8] Rufiberg is located in Central Switzerland to the east of Lake Zug. The mean annual precipitation in this area is 1500 mm of which approximately one third falls as snow. In the past, this site has been frequently affected by shallow landslides triggered by high-intensity, long-duration precipitation (Figure 1 ). For example, a storm in August 2005 with rain intensities exceeding 100 mm in 48 h [Bezzola and Hegg, 2007] triggered over 30 shallow landslides at Rufiberg (Figure 1 ).
[9] Tectonically, the Rufiberg belongs to the RigiRossberg nappe, which is part of the subalpine Molasse that was thrust toward NW over more distal Molasse, and subsequently dips 20-30 toward SE. The Rigi-Rossberg nappe is composed of a succession of thick conglomerate units interbedded with marlstone and sandstone from the Lower Freshwater Molasse (Figure 2 ). At the SE facing Rossberg, the sediment layers are oriented approximately parallel to the hillslope, whereas they dip into the slope on the NW facing Rufiberg. The sediment layers can be identified in the field by means of the competent conglomerate beds that form steps and vertical rock walls in the landscape (Figures 1 and 3) . On the Rossberg hillside, the weathered marlstone beds act as sliding surfaces for landslides, for example, in the 1806-Goldau rockslide [Berner, 2004] (Figure 1 ). The conglomerate banks are intersected by numerous mainly vertically dipping joints and fractures, which can be seen in nearby outcrops (Figure 2 ). Infiltration of water into the joints after snowmelt and heavy rainfall causes pore water pressures to build up, which was described as the main triggering mechanism of the Goldau rockslide [Berner, 2004] . We hypothesize that hillside water flow through shallow joints and fractures in the bedrock at the Rufiberg promotes the triggering of landslides, even though the geological layering is less critical in terms of slope stability than at the Rossberg.
[10] The hydrogeological investigations presented in this paper were carried out on a steep meadow 1175 m above sea level (Figure 3 ). The mean and maximum slope angle of the test site is 25 and 35 , respectively, and the soil layer is 1-2 m thick. Small springs and hydrophilic plants, such as sedges, Juncus effusus, Juncus inflexus, Ranunculus, and Pimpinella, indicate that the area is very humid.
Methods

Electrical Resistivity Tomography
[11] Electrical resistivity tomography (ERT) is a geophysical technique for exploring subsurface structures and groundwater by transmitting a direct current between an electrode pair and measuring the electrical potential between another electrode pair in order to determine the electrical resistivity of the underground [Daily et al., 1992] . ERT profiling at Rufiberg was used to (i) image the lithological boundaries between the marlstone and the conglomerate-sandstone beds and (ii) determine the thickness of the soil layer at the test site. A 200 m and a 70 m long ERT profile, each with 48 electrodes, were recorded along the fall line of the slope (Figure 3 ) in late-winter 2010, shortly before snow melt. The Wenner-Schlumberger configuration was used to record vertical and horizontal structures [Loke, 2013] , and the data inversion was performed with the software Res2Dinv 3.55 (www.landviser. net; February 2013).
Soil Properties
[12] Samples were collected to analyze soil properties from the test site (Figure 3 ) in August 2010. Five undisturbed samples were collected to obtain the saturated hydraulic conductivity from oedometer tests by pushing thinwalled steel tubes 100 mm in diameter, 140 mm in length into the bottom of an excavated trench at each sampling point (top of sampling tube at 7, 24, 64, 104, and 152 cm depth, respectively) and subsequently digging them out. Laboratory specimens were trimmed from the samples, which were then saturated in the laboratory and vertically step loaded and unloaded to a maximum of 800 kPa in a 56 mm diameter, 20 mm deep oedometer ring. The settlement of the soil was recorded at each load step, and the results analyzed using the settlement-log-time method [Fratta et al., 2007] to determine the coefficient of consolidation, c v , and the constrained stiffness modulus, M E , from which the hydraulic conductivity can be deduced using the following equations: where c v is the coefficient of consolidation (m 2 /s), T is the dimensionless time factor at 50% primary consolidation (0.197), t 50 is the time corresponding to 50% primary consolidation (s), and H d50 is the length of the drainage path at 50% consolidation (m).
where K is the hydraulic conductivity (m/s), M E is the confined stiffness modulus (kN/m 2 ), and w is the unit weight of water (kN/m 3 ).
where D 0 z is the vertical effective stress increment, and D" z is the corresponding vertical strain increment.
Soil Moisture Measurements
[13] Four test pits were excavated in summer 2010 along the slope to install vertical profiles of Time Domain Reflectometry sensors [Topp et al., 1980] to measure soil water content at depths of 0.25, 0.7, 1.1, and 1.5 m (Figure 3 ). The 15 cm long TDR rods were inserted horizontally into the vertical walls of the pits, and the four pits were carefully refilled with the excavated soil. The water content was recorded from summer 2010 to fall 2011 at 10 min time intervals using a Campbell TDR 100 system (Campbell Scientific, Logan, Utah, USA).
Boreholes and Water Pressure Sensors
[14] We drilled six boreholes in two clusters along the ERT transect (Table 1 and Figure 4 ). The boreholes reached a depth between 2 and 9 m below the ground surface. The lower half of boreholes BH1 and BH6 were cored with a 9 cm diameter rotational diamond drilling head. The other boreholes were drilled destructively with an 11 cm diameter Mitsubishi hammer system. Open standpipe piezometers were installed in boreholes BH1, BH2, and BH5 by equipping them with 1 or 2 inch-PVC tubes, whereas BH3, BH4, and BH6 were equipped with a special piezometer system composed of an enclosed measuring cell at the bottom of a 1 inch-PVC tube. Open standpipe piezometers are used to measure the free groundwater level in rather permeable lithologies, whereas an enclosed measuring cell allows the hydraulic pressure of lithologies with low permeability to be measured directly. The pressure sensor in this system is installed in an enclosed measuring cell in the sealed lower part of the piezometer and thus is not in contact with the air. Two piezometers were installed in BH6 at different depths, one in the lower soil layer and one reaching the bedrock. The PVC tubes were slotted at the bottom for 0.5, 1, or 2 m, and the boreholes were sealed carefully with clay pellets above this filter section to avoid by pass and infiltration from the surface. DCX-22 pressure sensors from Keller AG, Winterthur, with integrated data loggers, were installed in each piezometer to measure the relative hydraulic pressure at a 30 min intervals from November 2010 to November 2011. The data were corrected for in situ air-pressure fluctuations.
[15] Falling head infiltration tests were performed in boreholes BH1 and BH3 to calculate the hydraulic conductivity of the conglomerate and the soil layer, respectively. The piezometer pipe was filled with water to a prescribed height and the falling water level was measured in 1 and 30 min time steps, respectively. The saturated hydraulic conductivity was then calculated according to the inversed auger-hole method described by Oosterbaan and Nijland [1994] .
Precipitation
[16] The precipitation data used in this study were provided by the Swiss Federal Office of Meteorology and Climatology, MeteoSwiss, from the climate station in Cham/ ZG, 12 km to the NW of our test site. We used these data to delimit different critical rain events. A new event was defined if (i) the maximum precipitation intensity was higher than 2 mm/h and (ii) the boreholes were drained completely before the next event started. In total, we observed 32 rain events from November 2010 to November 2011. The year under investigation was rather dry, with approximately 30% less precipitation than the long-term average. May and July were the wettest months, with total rainfall of 100 and 170 mm, respectively, and a maximum intensity of 22 mm/h.
Sprinkling Experiments
[17] Two sprinkling experiments were carried out on the test site to investigate infiltration and water flow in the soil layer [Schneider et al., 2013] . A 10 Â 10 m surface area (Figure 3 ) was irrigated for 3 and 4 h, respectively, on 3 August (event 21) and 6 October 2011 (event 30). A total amount of 65 and 82 mm was sprinkled with intensities ranging between 20 and 25 mm/h. In addition, a third irrigation event was conducted in November 2011 using a Brilliant Blue solution (concentration 6 mg/L), a water soluble, weakly soil-adsorbing dye tracer [Flury and 
Results
Characterization of the Soil Layer
[18] The soil layer at Rufiberg is classified as medium plastic clay (CM) according to the USCS and SN 670 008 classifications and as Calcareous Gleysol according to Food and Agriculture Organization [1988] . The H/Ahhorizon (according to the DIN 4220 classification [Eckelmann et al., 2005] ) extends to $30 cm depth and lies over a layer containing orange-colored mottles that provide evidence of oxidation (Go(r)-horizon). At >0.5 m depth, a gray-bluish colored layer points to reduction processes (Grhorizon). The carbonate boundary lies at $1 m depth, indicating that the zone below this boundary is permanently saturated. The amount of illite and smectite, which are Figure 3 . Map showing the test site with locations of ERT profiles, borehole clusters (BH1-3 and BH4-6), TDR pits (TP1 and TP2), and sprinkling area. The slope angle is indicated in color. The steep beds (red) oriented NE to SW represent the relatively weathering-resistant conglomerate beds. Furthermore, two landslide scarps, seeping water (spring), and the forest road are indicated. À9 and 10 À10 m/s) without any obvious trends with depth [Maries, 2011] (Table 2 ). This result of oedometer measurements (section 3.2) agrees with values of saturated hydraulic conductivity of approximately 10 À10 m/s determined in boreholes BH3 and BH6 using the inversed auger-hole method [Oosterbaan and Nijland, 1994] . Further evidence of very low hydraulic conductivity in the soil layer was received from the third sprinkling experiment with Brilliant Blue that was carried out in November 2011 [Schneider et al., 2013] . Excavation of the irrigated plot after two days revealed that almost no dyed water had infiltrated into the soil below 50 cm depth, and no lateral preferential flow paths that typically develop in clay soils along roots or fissures could be identified. Clear evidence from different sources of information confirmed that the hydraulic conductivity of the soil layer (below 30 cm depth) at the test site is exceptionally low.
Geological Model
[20] The 1-2 m thick soil layer and a succession of conglomerate, sandstone, and marlstone layers, dipping approximately 30 into the slope, were detected from the borehole profiles and the two ERT sections (Figure 4) . The electrical resistivity of the soil layer varies between $50 and 500 m. Cores from boreholes BH1 and BH6 confirmed the transition between this soil layer and the weathered marlstone occurred at a depth of approximately 2 m.
[21] Three zones of high electrical resistivity (200-1000 m) coincide with the steep parts of the slope (Figure 3 ) and are interpreted as conglomerate beds associated with sandstone, dipping $30 into the slope. Sandstone and conglomerate are hard rocks and therefore are stable as steep layers in the landscape. The electrical resistivity for sandstone and conglomerate is typically 100-1000 m and >1000 m, respectively [Palacky, 1987] . A very competent conglomerate-sandstone layer was found in borehole BH1 between 7.5 and 9 m depth. A very hard layer was detected at the bottom of BH5 and BH6, most likely representing another conglomerate-sandstone layer.
[22] The slope is less steep between the three high resistivity zones identified, and the electrical resistivity varies between 40 and 100 m, indicating marlstone beds. The electrical resistivity of marlstone is typically <100 m [Palacky, 1987] . Marlstone is easily weathered and thus the slope is generally flatter than along the conglomerate bands. Boreholes BH2, BH4, BH5, and BH6 were drilled in the weathered marlstone. The drilled cores from BH1 and BH6 revealed weathered and weak marlstone that easily broke along numerous red-brown fissures. These weathered and colored fissures indicate that transient groundwater has been present in the bedrock.
Dynamics of Water in the Soil Layer
[23] Information about the seasonal and short-term fluctuations of water content and groundwater level of the soil layer was received from the two boreholes BH3 (sensor at 1.7 m depth) and BH6 (sensor at 1.3 m depth), as well as from the TDR profiles (Figures 5 and 6 ). The groundwater level in BH 3 varied between 1.0 and 1.7 m depth. A temporary water table was observed in BH6 only from November 2010 to mid-January 2011 and in March 2011 and did not show immediate response to rainfall. The groundwater level was below the level of the sensor outside these periods.
[24] The TDR sensor in test pit 1 at 1.5 m depth and the three lower sensors in test pit 2 at 1.5-0.7 m depth indicated permanently high water contents and did not respond to the rainfall events in August and October 2011 ( Figure  5 ). Most likely, these TDR sensors were located in a soil layer that was permanently saturated (or close to saturation, Gr-horizon). The two TDR sensors at 0.7 and 1.1 m depth in test pit 1 reacted weakly (with an increase of 2-5% vol) to intense rainfall ( Figure 5 ). These sensors were most likely in the Go(r) horizon, which was usually unsaturated. Only the top-most sensors (0.25 m depth) in both pits did respond clearly and dynamically to rainfall and sprinkling. For example, an increase in water content of up to 10% was observed after the start of the sprinkling experiment (Figure 3 ). After rainfall, the top-most sensors exhibited higher water contents for several hours, whereas the intermediate sensors indicated higher volumetric water content for days. Overall, the TDR measurements confirm that the uppermost $25 cm of the soil profile are more permeable than the intermediate soil layer (>0.5 m depth), eventually leading to lateral subsurface runoff in the top layer (H/Ah horizon). The dye tracer experiment mentioned in section 4.1 provided visual evidence for this [Schneider et al., 2013] .
Response of Bedrock Groundwater to Rainfall
[25] The pressure measurements in the 4-9 m deep boreholes reflect the groundwater response of the bedrock to rainfall. Boreholes BH2 and BH4 were drilled into the weathered marlstone ($2 to 5 m depth), whereas boreholes BH1, BH5, and BH6 hit fissured conglomerate layers. The water level in the deepest borehole BH1 always remained constant at 7.5 m depth. The water level did not change in this borehole even during a falling head infiltration test, suggesting that a fracture in the bedrock drained the piezometer at this specific depth. No groundwater was found in BH2 during the entire measuring period, whereas significant water pressure fluctuations were registered in cluster 2 in BH4, BH5, and BH6 (Figures 5 and 6 ). The water pressure in BH5 and BH6, which were drilled into the same conglomerate layer, were similar and confirmed the consistency of these measurements. The groundwater pressure response in the weathered marlstone layer in BH4 deviated from the pressure response in the two deeper boreholes. Overall, we observed three different response types of the pressure measurements to rainfall, snowmelt, or irrigation.
Response Type 1
[26] No groundwater response was measured in the weathered marlstone (BH4) ( Figure 5 ) during both minor rainfall and the sprinkling experiments. The hydraulic head in the conglomerate (BH5 and BH 6) remained below or just reached that of BH4. Three hours after the start of the irrigation experiments, the water pressure rose rapidly in the fractured conglomerate (BH5 and BH6), which was several hours earlier than the response in the H/Ah-horizon of test pit 2. The sharp sprinkling-induced pressure differs from natural events, as the rising and falling sections of the water pressure-time-curves are almost linear and the bedrock fractures filled and drained faster than during natural rainfall events (Figure 7) .
Response Type 2
[27] The water pressure in the weathered marlstone (BH4) increased by a few centimeters during snowmelt or minor rainfall. The snowmelt in March 2011 (Figure 6 , event 5) provided a good example of this response. Daily pressure peaks were measured from 13 to 16 March only in the conglomerate layer between 16:00 and 20:00 h and indicated snowmelt infiltration into the bedrock fractures. These peaks did not reach the level of the total head in BH4 (Figure 7a) .
Response Type 3
[28] The water pressure in the fractured conglomerate (BH5 and BH6) increased rapidly on average 0.7 m per hour (event 9 in Figure 6 and Figure 7b ) for heavy rainfall with intensities larger than 2 mm per hour and a total sum of at least 15 mm. The maximum pressure level measured . Hourly rain intensity at Cham/ZG and hydraulic potential monitored in BH4 to BH6 in cluster 2 at Rufiberg during precipitation events 9 (May 2011) and 5 (March 2011). Event 9 is an example for a common occurrence, whereas event 5 is an example for snow melt that preceded/coincided with rainfall.
in BH5 and BH6 during our observation period was 0.6 and 0.8 m below ground surface, respectively. This was higher than the water level in the soil layer. The faster the pressure rose, the higher was the maximum pressure level, but a high pressure level did not necessarily indicate a faster rise (Figure 7b ). After the hydraulic potential passed a level of $4.5 m below the ground surface in BH6, the water pressure in the weathered marlstone (borehole BH4) also started to rise rapidly. Probably, the two monitored geological layers are hydrologically (direct water exchange) or hydraulically (transmission of water pressure) connected only after passing this level. Figure 7a shows that there is a linear relationship between the water level rise of the conglomerate layer (BH5 and BH6) and that in the weathered marlstone (BH4). The maximum pressure level reached in the weathered marlstone was 1.5 m below the ground surface, thus $1 m lower than in the conglomerate bed relatively to the ground surface. Typical examples of response type 3 were (i) event 5 when rainfall coincided with snowmelt on 17 March ( Figure 6 ) and (ii) events 31 and 32 with two peaks, one on 8 October and one on 10 October 2011 ( Figure 5 ). The second peak of event 32 reached a higher level than the first peak. Secondary peaks are usually higher than primary peaks because in these cases, the bedrock is already pre-saturated due to precedent rainfall or snowmelt ( Figure 6 , event 5).
Discussion
Conceptual Hydrogeological Model
[29] From the geological model and the hydrological measurements, the following conceptual hydrogeological model can be derived for the Rufiberg site (Figure 8 ): The overlying soil layer has a permanently saturated horizon at a depth of 1-1.5 m, due to low hydraulic conductivity and high water retention of the clayey soil (Figure 8a, location  A) . Locally, the saturated zone reaches the surface and water seeps out of the slope, for example, between the two borehole clusters (Figure 8a, location B) . The impermeability of the unfractured bedrock shows up in BH1 where the water pressure remains constant at a level of 1.5 m above the sensor (Figure 8a, location C) . The water pressure in the boreholes of cluster 2 responds and rises rapidly, typically 5-14 h after the onset of rainfall and 3 h after the start of the sprinkling experiments with high rainfall intensities. The fractures in the conglomerate become partly saturated during minor rainfall events or the sprinkling experiments (Figure 8a , location D), whereas no groundwater response is observed in the weathered marlstone (Figure 8a , response type 1).
[30] The water pressure in the weathered marlstone rises slowly and relatively smoothly during response type 2 (Figure 8b , location E) probably due to minor groundwater flow through small fissures that occur before the marlstone layer connects hydrologically or hydraulically with the conglomerate layer below.
[31] After the hydraulic pressure in BH6 exceeds a level of $4.5 m below the ground surface (Figure 8c , location F), BH4 also starts to respond rapidly due to groundwater flow through joints in the conglomerate, which then connect probably hydrologically, or at least hydraulically, with the marlstone (response type 3; Figure 8c , location G). During heavy rainfall or when rainfall coincides with snowmelt, the hydraulic head in the deeper bedrock (boreholes BH5 and BH6) rises higher than in the shallower bedrock (borehole BH4). Such a hydraulic gradient my cause uplift pressure, upward-directed water flow and localized bedrock exfiltration (Figure 8c, location H) . The pore water pressure rises immediately when it starts raining and reaches a higher level if the fractures in the bedrock are already saturated due to precedent precipitation or snow melt. Figure 7 . Development of the hydraulic head for the three response types. The sprinkling experiments and secondary peaks are indicated (superimposed symbols). (a) Correlation between the peak hydraulic potential in the fissured conglomerate (BH6) and in the weathered marlstone (BH4) corrected for the surface height difference between BH4 and BH6 and (b) maximum hydraulic head in relation to the velocity of the rise in water pressure.
Rapid Bedrock Groundwater Response in Spite of Low Permeable Soil Layer
[32] Our water pressure measurements clearly indicated that the groundwater response to rainfall is very rapid in the bedrock. This can be explained either by fast water pressure transmission through the bedrock aquifer or by rapid groundwater flow through bedrock fractures. Both processes require two conditions: First, the hydraulic conductivity of the bedrock at Rufiberg is locally very high and/or joints and fractures are well interconnected with each other. The smaller is the volume of the waterconducting fractures, the faster is the pressure transmission through the aquifer. We have no direct measurements of saturated hydraulic conductivity in the bedrock, however, in the case of rapid groundwater flow through the bedrock, a back calculation based on the observed delay between rainfall and groundwater response leads to a maximum effective groundwater flow velocity of 10 À3 to 10 À4 m/s. Second, rainfall is rapidly transmitted through the soil layer. This is clearly contradictory to the very low permeability of the soil layer that was assessed in this work. The very low saturated hydraulic conductivity of 10 À9 to 10 À10 m/s that we determined based on three independent methods is reasonable for heavy clay soils with only few indications of preferential flow paths. In order to obtain the fast response observed in the bedrock groundwater, water must have infiltrated further upslope where (i) fractured conglomerate bedrock outcrops, (ii) bedrock is directly overlaid by the permeable H/Ah horizon, or (iii) tree roots or desiccation cracks are present. Once infiltrated into the bedrock, water likely flows along the fractured conglomerate beds, which dip in a SE direction in the area of the test site.
[33] With the present geological setting, a confined aquifer may form in the bedrock below the soil layer during rain storms. We monitored this confined aquifer in BH4, BH5, and BH6 in the fractured bedrock and observed how the hydraulic heads build up quickly during rain storms. Another indication for a confined aquifer was the local water outbursts that were observed during the August 2005 storm. As a consequence of the low permeability of the soil layer, a near-surface confined aquifer with artesian groundwater pressure conditions built up in the fractured bedrock. In our investigation period, the maximum pore pressure measured in the fractured conglomerate was 0.6 m below the soil surface, thus higher than the groundwater level in the soil layer. In another slope study in the Oregon Coast Range [Montgomery et al., 2002 , total head measured in weathered bedrock locally exceeded the elevation of upper, dry piezometer, documenting an exfiltrating gradient from the shallow bedrock to the overlying soil. Nevertheless, the groundwater response measured in the weathered bedrock in this watershed was not as fast as at Rufiberg, and the rise in hydraulic head was not as high. The maximum rise in hydraulic head measured in the investigated catchment of the Oregon Coast Range was 1.5 m. This is probably because the soil layer in this catchment was generally more permeable than the bedrock, and thus it is difficult to maintain high water pressure in the weathered bedrock [Montgomery et al., 2002] .
Fracture Flow, Bedrock Exfiltration, and Shallow Landslide Triggering
[34] At the Rufiberg, bedrock fracture flow is an important hydrogeological feature that may influence the stability of the slope. The importance of bedrock fracture flow has also been emphasized for other catchments from around the world. In the Coastal Mountains of British Columbia, for example, heavily fractured bedrock underlies the soil layer, and bedrock fractures act as efficient hydrological conduits draining the system [Laudon and Slaymaker, 1997] . In a watershed underlain by weathered granite in Japan, infiltration and exfiltration processes at the soil-bedrock interface were described as dominant hydrological runoff generation processes [Kosugi et al., 2006] . Bedrock exfiltration into the soil layer formed more than half of the annual discharge in this catchment. In another granitic watershed in Japan, semiperennial groundwater exfiltrating from deep bedrock led to presaturation of the soil layer. This facilitated an increased peak in the groundwater level in the soil layer during subsequent storm events and may increase the risk of shallow landslides .
[35] The impact of groundwater in bedrock on the triggering of landslides is complex and difficult to localize. Two processes should be distinguished with respect to landslide triggering induced by bedrock fracture flow : (i) high water pressure in the confined bedrock aquifer that exceeds the water pressure in the (low permeability) soil cover may decrease the mobilized shear strength along the landslide slip surface and (ii) an outward hydraulic gradient may cause the groundwater in bedrock fractures to exfiltrate into the soil cover causing localized bedrock springs. Shallow landslides initiate preferentially where local upward flow develops in the soil layer [Montgomery et al., 2009] as an outward oriented seepage direction is less favorable for the stability of a slope than for example slope-parallel seepage [Crosta, 1998; Iverson and Major, 1986] . Excess pore water pressure and bedrock exfiltration develop at particular locations depending on the distribution and connectivity of the near-surface bedrock fracture system [Montgomery et al., 2002] . As it is almost impossible to detect the location of bedrock fractures from the ground surface, prediction of the location and timing of shallow landslides influenced by fracture flow is a very difficult undertaking [Montgomery et al., 2009] .
[36] It may be surprising that high water pressure in bedrock fractures in the upper part of the Rufiberg slope were observed as one would expect usually confined aquifers and bedrock exfiltration to occur in the lower part of a slope . The boreholes were possibly drilled in a local and rather shallow fracture system, which may respond differently to rainfall than the overall groundwater table in the mountain. Nevertheless, the geology of our test site, a succession of alternating conglomerate, sandstone, and marlstone beds dipping approximately 30 toward SE is representative for the entire Rufiberg. Therefore, the rapid response in water pressure in bedrock fractures and subsequent exfiltration processes is likely to influence the triggering of shallow landslides on the majority of the slopes in the Rufiberg area. For example, it was observed that water extruded like a fountain from the slope next to the test site during the extreme rainfall event of August 2005, which triggered a large number of landslides on the Rufiberg (Figure 1 ). Similar observations were also reported for two other areas in Switzerland, Pr€ attigau and Napf [Rickli et al., 2008] .
[37] The comprehensive investigations reported in this paper provide a clear picture of the groundwater dynamics along the Rufiberg slope. However, the question remains open how high the water pressure in the bedrock fractures needs to rise to destabilize the slope, and what rain intensity and duration would be necessary to reach this critical pore water pressure. The rainfall intensities and sums measured in the period from November 2010 until November 2011 were far lower than the precipitation values recorded during the extreme event in August 2005. In this case, it will be necessary to consider the geometry of any likely failure mechanism, the hydraulic gradient, the unit weight of the ground, and the interface friction between the bedrock and the overlying soil layer using either simple limit equilibrium approaches or coupled numerical analyses.
Conclusions
[38] The comprehensive data set from Rufiberg is one of the rare cases, where detailed geological and geophysical information is available together with continuous groundwater measurements in the soil layer and in the bedrock. This data record allowed a hydrogeological conceptual model to be developed for the test site that explains the groundwater response observed and gives evidence for the triggering of shallow landslides in the area.
[39] The importance of bedrock exfiltration as a trigger of shallow landslides has been hypothesized previously. We have shown through the hydrogeological model that the traditional surface-oriented hydrological perspective is not valid in the present geological setting. The comprehensive data set presented in this paper provides clear evidence for the formation of high water pressure in bedrock fractures that exceeds the water pressure in the overlying soil. The case study from Rufiberg suggests that short-term antecedent precipitation and saturation of the bedrock are important controls on this effect. The presence of joints and fractured outcrops, which act as preferential flow paths locally connecting the soil surface and the bedrock, is a crucial prerequisite for this mechanism. The hydraulic conductivity of the soil layer is clearly too low to allow to build up such a dynamic water table in the bedrock without preferential flow paths.
[40] The implication for numerical geomechanical landslide forecast models is that preferential bedrockinfiltration and bedrock-exfiltration cannot be disregarded for geological settings similar to Rufiberg, which are widespread in the Molasse formations in the Alps or elsewhere. Numerical hydrogeological modeling of groundwater pressure response to rainfall and snowmelt would yield the opportunity to discuss scenarios of potential landslide triggering. Further investigations at other test sites are needed before the relationship between bedrock exfiltration and slope stability can be stated in general terms.
